Introduction
Aluminium alloys are widely used in the automobile industry, in construction and in other fields where energy consumption and environmental safety are a high priority due to their high strength-to-weight ratio, their infinite recycling properties and high corrosion resistance [1] [2] [3] . Besides the prohibitively high costs of maintaining degraded aluminium products degradation in the form of localized attacks has resulted in fatalities, particularly in Clcontaining environments. The atmospheric corrosion of aluminium alloys is therefore a research field which has been extensively investigated by many researchers and groups mostly using field exposure tests [4] [5] [6] [7] [8] . The complex combination of environmental factors in the outdoor atmosphere, such as the amounts of airborne salt and contamination species, as well as the ever-changing weather conditions, makes it difficult to clarify the corrosion process. Conventional laboratory scale tests have been employed to evaluate the atmospheric corrosion resistance of materials. Among them, the salt spray test (ASTM B117) is widely used as an acceleration test [9] [10] [11] . Cyclic corrosion tests, such as ASTM G85-A5 and SAE J2334, and constant relative humidity tests have also been used to simulate actual atmospheric corrosion at a laboratory level [12] [13] [14] . However, in terms of corrosion morphology, these tests do not always provide good reproducibility of practical atmospheric corrosion behaviour. By measuring fluctuations in the night and day temperature and relative humidity, Muto et al. found that the dew point of outdoor air remains approximately constant and that humidity depends on the air temperature [15] . A testing method based on this finding has thus been proposed to simulate the actual environment of atmospheric corrosion on stainless steel [15] . The testing method, called the constant dew point corrosion test, employs a diurnal cycle of temperature and humidity at a constant dew point temperature. It has been demonstrated that this method reproduces atmospheric corrosion well in the laboratory not only in the case of stainless steel [15] and Zn alloys [16] [17] but also for aluminium and its alloys [18, 19] . Basing on our experimental results, this testing methodology has been registrated to be an international standard, ISO 16539, in 2013 [20] .
The atmospheric corrosion of aluminium and its alloys was investigated in the present chapter. We focused on the applicability and reproducibility of the constant dew point corrosion tests in the field of the atmospheric corrosion of the aluminium alloys. The evaluation of the atmospheric corrosion of aluminium and its alloys was conducted from the aspects of the corrosion rates, corrosion morphology and corrosion product composition in the field exposure tests and the constant dew point corrosion tests.
Samples preparation and method used
In our researches, high-purity aluminium (4N Al) and two kinds of aluminium alloys, O type commercial pure aluminium (AA1100) and T6 tempered Al-Mg-Si alloy (AA6061), were tested. The chemical composition of the alloys is given in Table 1 . Usually, all the samples (each with a dimension of 50 mm × 50 mm × 2 mm) were polished by emery papers. The samples were then chemically etched in a 10 wt% NaOH solution at 343 K for 30 seconds, rinsed with water, immersed in a 30 wt% HNO 3 solution at 298 K for 30 seconds, and again rinsed with water.
Field exposure tests were performed in Miyakojima (E125°19`N24°44`), Choshi (E140°45`N35°43`) and Aobayama in Sendai (E140°50`N38°15`), Japan, with a map as shown in Fig. 1 . The climates in Japan Weathering Testing Center (JWTC), which is 2 km far from the North Pacific Ocean, in Miyakojima are subtropical marine conditions. The climates in Choshi, which is 4 km far from the North Pacific Ocean, are typical weathering conditions as other sites in Japan. The exposure site in Aobayama campus, Tohoku University in Sendai is 6 km far from the North Pacific Ocean locating on the top of a small hill with an altitude of 100 meters. The tested samples were set on exposure racks facing southward at an inclination of 30° from the horizon. The two samples in each category were exposed, with one sample used for evaluating the corrosion mass losses and the other one for observing the surface and analyzing the corrosion products. Temperature, T air , the relative humidity of the surrounding atmosphere, Φ αir , and the surface temperature of 4N Al panels, T Al , were monitored by the sensors and recorded by data loggers. The accuracy of relative humidity was as high as ±2.5 % and the resolution was 0.03 %. The accuracy of temperature measurements was within ±0.2 °C, and the drift was less than 0.1 °C per year. The sampling interval was set at 3 minutes. The relative humidity near the 4N Al panels,Φ Al , was dependent on the surface temperature of the panels, and was calculated as Φ Al = P w_air ×Φ air / P w_Al , where the saturated water vapour pressure, P w (in Pa), is given as a function of temperature, T (in °C), by the following Sonntag Equation [21] : 
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The Magnus formula [21] was then used for calculating the dew point, T d (in °C), on the Al panel surface.
ln 100 ( , ) ln 100 The chloride deposition in Aobayama was estimated from the amount of chloride species deposited on pure Ti panels exposed at the same time. The exposed side of the Ti sample was carefully washed by deionized water to make a 100 ml solution. This solution was filtered with a 0.45 μm membrane filter and then analysed by ion chromatography (IC). Due to the washing effect of rainwater, the amount of chloride determined is somewhat different from the chloride deposition measured by the conventional method. The meteorological parameters of the three exposure sites are summarized in Table 2 .
The corrosion mass loss was evaluated after the removal of the corrosion products. The corrosion products were removed by dipping test samples into a solution of phosphoric acid (50 ml/l H 3 PO 4 ) and chromium trioxide (20 g/l CrO 3 ) at 90 °C for 5-10 minutes. The samples were weighed by an electric balance with a precision of 0.01 mg. A climatic chamber (ESPEC, SH6610) was used to perform the constant dew point corrosion tests. Each of the following environmental factors was able to be individually manipulated: the relative humidity, the temperature, the time of wetness (TOW), and the amount of airborne salt. Diluted synthetic seawater (ASTM D 1141-90) was used as a test solution to form a thin electrolyte layer with a fixed initial thickness of about 500 μm. The surface of the specimen was covered with a polyimide adhesive tape (Permacel, P-221) with the exception of a test area of 10×10 mm. The chloride ion deposition on the specimen surface was adjusted to 1g m -2 by dropping a fixed volume of the test solution onto the test area. The dew point inside the chamber was controlled at a constant level during cyclic changes in temperature and relative humidity, as will be described in 3.2. The climatic chamber was equipped with an air circulation fan to ensure air flow so that uniform conditions inside the chamber could be maintained. After each wet-dry cycle (24 h) was completed, the specimen surface was gently rinsed with deionized water, dried in an N 2 stream, and covered with a fresh thin electrolyte layer. Although the SO 2 concentration of the chamber air was not controlled in the present study, the presence of SO 4 2- ions in the synthetic seawater (2.7 g/l) resulted in the condition where some SO 2 was deposited and oxidised on the sample surface. If we assume that the deposited SO 2 was completely oxidised to SO 4 2- , it can be estimated that the chloride deposition of 1 g m -2 of the synthetic seawater is accompanied by an SO 2 deposition of about 0.14 g m -2 .
Atmospheric data Precipitation
The morphology of the samples after the corrosion tests was observed by a scanning electron microscope (SEM; Philips, XL-30). An energy dispersive X-ray spectrometer (EDX; Philips, XL-30) was employed to analyze the elemental distributions at local parts of the samples exposed for 3 and 12 months at the three different sites. The samples used for cross-sectional observation were embedded into epoxy resin and finely polished by a 1 μm diamond paste.
A Fourier transform infrared spectrometer (FT-IR; JASCO, FT-IR 4200) was used to identify the corrosion products. The assignment of the characteristic peaks was on the basis of the spectra measured from analytical grade Al(OH)CO 3 and Al(OH) 3 powder. Basic aluminium sulphate (Al x (OH) y SO 4 nH 2 O) was made in the laboratory and analyzed by FT-IR. The characteristic peaks of dawsonite (NaAlCO 3 (OH) 2 ) were assigned by referring to the data in the literature.
Important findings

Characteristics of atmospheric corrosion in the field exposure tests
Real-time changes in temperature, relative humidity of the ambient atmosphere and surface temperature of specimens
The synchronous changes of four parameters, i.e. the relative humidity of the ambient air (Φ air ), the relative humidity of the tested 4N Al samples (Φ Al ), the temperature of the ambient air (T air ) and the temperature of the tested 4N Al samples (T Al ) between July 18, 2007 and July 25, 2007 in Miyakojima are shown in Fig. 2a . In the daytime, the temperature of the samples increased due to their exposure to sunshine. While the temperature decreased from radiation cooling in the night, the relative humidity increased and a dew film consequently formed on the surface. The change in relative humidity was inversely proportional to the temperature change. However, the collected relative humidity and temperature data shows that the dew point of both the atmosphere and the samples remains constant for short-term periods. This can be seen, in Fig. 1b , where experimental Φ Al vs T Al plots are compared with theoretical Φ-T curves for different dew point temperatures. These results are consistent with the findings of earlier studies reported by Muto et al. [15] . In addition, the time of wetness was 49.7% of the calendar time in Miyakojima, 51.4% in Choshi and 25.0% in Aobayama, respectively. The weathering data show that the long-term dew point varied with both the exposure time and the seasons, as shown in Fig. 3 . The average dew point changed on a large scale, from 5.5 to 28.4 °C in Miyakojima, from -10.1 to 24.6 °C in Choshi and from -13.0 to 23.6 °C in Aobayama.
However, the short-term dew point remains constant with a drift of 5 °C. Al vs. Al plots are compared with theoretical curves for different dew point temperatures.
These results are consistent with the findings of earlier studies reported by Muto et al. [15] . In addition, the time of wetness was 49.7% of the calendar time in Miyakojima, 51.4% in Choshi and 25.0% in Aobayama, respectively. The weathering data showed that the long-term dew point varied with both the exposure time and the seasons, as shown in Fig. 3 . The average dew point changed on a 
Corrosion mass loss
The corrosion mass losses of aluminium and its alloys exposed at the three different sites are plotted against exposure time in Fig. 4 . As described in the experimental section, the corrosion mass loss for each exposure period was determined by just one sample, and thus some degree of uncertainty can be expected. Though corrosion mass losses increased with exposure time, their increasing rate slowed down with the lapse of time. Corrosion mass losses, ΔW, as a function of the exposure time, t, were well yielded to general damage functions in the form of ΔW=A×t n , where A and n are constants [22, 23] . Most of the n values of the fitted damage functions were close to 0.5, indicating that the rate of atmospheric corrosion is controlled by a diffusion process through the insoluble corrosion product which functions as an unperturbed layer. Corrosion resistance increased in the following order: 4N Al > AA6061 > AA1100. Meanwhile, the order of the corrosiveness of the exposure sites is ranked as Miyakojima > Choshi > Aobayama. The corrosion mass losses of aluminium and its alloys depended not only on the exposure time but also on the meteorological parameters of the exposure sites. To a greater or less extent, the n value also strongly depends on such environmental factors as the deposition rate of sulphur dioxide and sea salts, relative humidity and temperature. The corrosion rates of aluminium and its alloys were suppressed during the field exposure, particularly after the first 3 months.
Corrosion morphology
Both AA1100 and AA6061 suffered from tarnishing and pitting corrosion observable to the naked eye. Some parts of the surface remained stable with a complete absence of local attacks even after 12 months of exposure. The roughness of the surface and the ratio of the corroded areas increased with the exposure time. The 4N Al in three sites presented excellent corrosion resistance even though some micro-sized pits were detecte. 
-sized pits were detected at the sites. Figure 5 shows the corrosion morphology of AA1100 exposed in Miyakojima for 3 and 12 months. The sample was observed by SEM after the removal of the corrosion products. After 3 months of exposure, pits were formed around some particles, such as inclusions, second phases or the intermetallics, as shown in Fig. 5a . Some pits grew up to several tenths of micrometers after 12 months of exposure, as shown in Fig. 5b As exposure was extended, some more seriously corroded sites formed visible pits of up to a hundred micrometers in size.
Corrosion products
The corrosion products of aluminium and its alloys exposed in the fields were porous and rich in cracks. It was confirmed that corrosion primarily attacked the grain boundaries of AA6061 and a high-facet crystallographic morphology was frequently observed, which is typical for aluminium dissolution under an open circuit potential [24, 25] . In addition, the corrosion product cups were usually circular and typical of those which generate around such cathodic intermetallics as Al 3 Fe and Al 2 Cu in AA1100 [26, 27] . These intermetallics Al3Fe and Al2Cu usually have more noble corrosion potentials in comparison to pure Al. Al3Fe and Al2Cu particles usually act as cathodes to form micro-coupling cells with adjacent Al matrix, and trigger the dissolution of surrounding Al matrix of intermetallics to form the trenches just as shown in Fig. 5a .
The corrosion products were analyzed by energy dispersive X-ray spectrometry (EDX) and FT-IR. The EDX analysis showed that the surface regions of the corrosion products consisted of various elements, including Al, Na, O, S, and Cl, after aluminium and its alloys were exposed in Miyakojima for 3 months. However, as the exposure time increased up to 12 months, the main elements distributed on the surface of the corrosion products were Al, S, and O. Further analysis was conducted to obtain cross-sectional elemental distribution maps, and the results are shown in Fig. 6 and 7 for AA1100 exposed in Miyakojima for 3 and 12 months, respectively. The data in Fig. 6 indicates that the corrosion products formed after 3 months of exposure Cross-sectional morphology (a) and X-ray mapping of Al (b), Na (c), S (d), Cl (e) and O (f) obtained from 12-month exposed AA1100 in Miyakojima. [18] consisted mainly of Al, Na, S, C, Cl and O. Chlorine-and sulphur-containing species were distributed inside the pits. However, the corrosion products formed after 12 months of exposure were composed of Al, O and S, as shown in Fig. 7 . No signals were detected from many of the elements in the corrosion products after 3 months, notably for Na, Mg, Cl and C, indicating that none of these chemical species accumulated in the corrosion products, perhaps because the rain washes away soluble species once they are deposited.
Further analysis of the corrosion products was performed by FT-IR. Fig. 8a shows the FT-IR spectra of corrosion products formed on AA1100 after 3, 12 and 26 months of exposure in Miyakojima. Figure 8b shows (a broad peak) [31] . As shown in Fig. 8 (b) , the spectrum of Al(OH)CO 3 appeared which can be assigned to the CO 3 2-species, proving that the corrosion products in the surface region consisted of either basic aluminium carbonate (Al(OH)CO 3 ) or dawsonite, and the broad peaks in the low wavenumber region were assigned to sulphate ions. However, the EDS elemental maps (Fig. 7) show the coexistence of Na in the corrosion products, suggesting that the dawsonite species were the main carrier of the carbonate ions. With increasing exposure time, the doublet peak of carbonate became weaker and the peaks in the low wavenumber region became stronger, which can be attributed to the incorporation of sulphate ions. Moreover, the stronger intensity of the ν3 SO 4 asymmetric stretching peak around 1135 cm -1 indicates an increase of the basic aluminium sulphate in the corrosion product layer. Generally, if field-exposed samples yield a strong and broad peak in the range of 3200 to 3600 cm -1 , it is assigned to the O-H stretching mode, and a medium peak at 1640 cm . It was concluded that the corrosion products which formed in the first three months were aluminium hydroxide, basic aluminium sulphate, basic aluminium chloride and Na-containing basic aluminium carbonate. After 12 months of exposure, the basic aluminium carbonate and basic aluminium chloride content decreased; as a result, aluminium hydroxide and basic aluminium sulphate became the main constituents.
Characteristics of atmospheric corrosion in the constant dew point corrosion tests
The practical dew point in Miyakojima from July 18, 2007 to July 25, 2007 in the middle of the summer season was about 26 °C in Fig. 2b . In order to simulate the practical atmospheric conditions in Miyakojima in summer season, the relative humidity and temperature were controlled according to the patterns shown in Fig. 9a , and the corresponding iso-dew point line is shown in Fig. 9b . The dew point of the pattern was maintained at 28 °C. The time of wetness was about 60%. The single cycle was 24 hours, and consisted of wetting (condensation) and drying (evaporation) stages. The chloride deposition was set at a relatively high level of 1 g⋅m -2 to simulate a severe coastal site. 
Corrosion mass loss
The corrosion mass losses of aluminium and its alloys exposed in the constant dew condition are shown in Fig. 10 . The tests were repeated two or three times for each alloy. The averaged values and the maximum and minimum values of mass losses were determined and are shown in Fig. 10 as legends and error bars, respectively.
In a similar manner as the field exposure test, the mass loss increases as the number of test cycles increases, and is expressed in the form of the general damage function. The comparison of the fitted parameters of the general damage functions obtained from the constant dew point corrosion tests was conducted between the field exposure tests. The experimental data collected from the laboratory tests were in good agreement with those collected from the field experiments. A comparison of the two sets of results indicates that the corrosion mass loss of aluminium and its alloys after the constant dew point corrosion tests showed almost the same tendencies as the field exposure tests. The n value was close to 0.5, indicating that the corrosion product layer functioned as a barrier for diffusion. Nevertheless, the constant dew point season was about 26 ºC in Fig. 2b . In order to simulate the practical atmospheric conditions in Miyakojima in summer season, the relative humidity and temperature were controlled according to the patterns shown in Fig. 9a , and the corresponding iso-dew point line is shown in Fig. 9b . The dew point of the pattern was maintained at 28 ºC. The time of wetness was about 60%. The single cycle was 24 hours, and consisted of wetting (condensation) and drying (evaporation) stages. The chloride deposition was set at a relatively high level of 1 gm -2 to simulate a severe coastal site. corrosion test accelerated the corrosion. When the corrosion mass loss value of AA1100 after 7 cycles, 3.22 g⋅m -2 , is put into the fitted damage function for the same alloy exposed in Miyakojima, ΔW=4.35×t 0.48 , it is found that the constant dew point test of 7 cycles (7 days) corresponds to the field exposure test for 104 days in Miyakojima. This indicates that the constant dew point test accelerates the corrosion of AA1100 by a factor of about 15. In the same manner as for AA1100, the acceleration ratio of the constant dew point test with respect to the field exposure test in Miyakojima is estimated to be about 2 and 14 for AA6061 and 4N Al, respectively. Except for AA6061, the constant dew point test for a week corresponds to the field exposure test for about 3 months in Miyakojima. Atmospheric corrosion does not proceed continuously but occurs during the period when the metal surface is covered with a thin corrosive electrolyte layer. The samples do not always meet this corrosion condition in actual atmospheric corrosion environments, but a corrosive electrolyte layer is formed for in every wet-dry cycle of the constant dew point test. Therefore, the constant dew point test accelerates the corrosion.
Corrosion morphology
Macroscopically, the main forms of corrosion attacks seem to be pitting corrosion and tarnishing. The corrosion products exhibited a porous, cracked state. Cups of corrosion products formed on the surface as they did in some cases in the field. Trenches formed around some particles after the first cycle of exposure (Fig. 11a) . The pit formed in the substrate with similar shapes as those formed in the field (Fig. 11b) . The localized corrosion gradually grew deeper and wider. The corrosion behaviour was influenced by microstructure. The existence Figure 10 . Corrosion mass losses of 4N Al, AA1100 and AA6061 after constant dew point tests as a function of the cycle number. [18] of the cathodic intermetallics (Al 3 Fe and Al 2 Cu) in AA1100 and AA6061, and sacrificial anodic intermetallics (Mg 2 Si) in AA6061 caused preferential electrochemical dissolution in the form of micro-coupling cells [33] . Pits formed on the aluminium alloys around cathodic intermetallics of several micrometers in size, which indicated that the localized corrosion initiated around intermetallics [33] [34] [35] . Some pits grew to several hundreds of micrometers in size after short exposure. The corrosion morphologies, including the structure of the corrosion products, the corrosion patterns and the shapes of the cups and pits produced, were similar with those visible in samples from the field. 
Corrosion products
The element distribution profiles inside the pits formed after 7 cycles of constant dew point corrosion tests are shown in Fig. 12 . While there was Cl inside the pits, and enriched Cl at the bottom of the pits, sulphur was highly concentrated in the outermost layer of the corrosion products. Generally, the element distribution profiles were similar with those obtained from 3-month exposed AA1100. Figure 13 shows the FT-IR spectrum of the corrosion products formed on AA1100 and AA6061 after 7 days of constant dew point corrosion tests in the laboratory. ) and water (1640 cm -1 ). This is similar to the FT-IR results of field-exposed aluminium and its alloys. Both EDX and FT-IR analysis demonstrated that the corrosion products consisted mainly of basic aluminium sulphate, basic aluminium chloride, aluminium hydroxide and basic aluminium carbonate. The washing effect of rain is difficult to reproduce in a short time. Due to limited exposure time, the amount of basic aluminium sulphate and aluminium hydroxide in the corrosion product layer was considerably lower than that formed in the field samples with more than 12 months of exposure. The other corrosion products were close to those from the initial case of field exposure tests.
The observed data of the dew point change in the surrounding atmosphere and at the surface showed that the short-term dew point remained at a constant level. The dew point is associated with the heat capacity of the materials and the ratio of water vapour and dry air. Heat flux in Figure 13 . FT-IR spectra of corrosion products on AA1100 and AA6061 after 7 cycles of the constant dew point test with a chloride deposition of 1 g⋅m -2 and a dew point of 28 °C. [18] a closed system is mainly determined by the evaporation (heating) and condensation (cooling) of the water content in the air. Though the practical open environment cannot be regarded as a closed system, at least for short periods of time, the surrounding region of the samples can be considered a closed system, where the heat flux and the flow of humid air remain stable and move freely around the samples [15, 36] . Consequently, the heat flux around the exposed samples remains constant, which results in the occurrence of the constant dew point [36] [37] [38] . The constant dew point corrosion testing model therefore has a more concrete base than other simulation methodologies in terms of its ability to model the practical conditions.
The accumulation of the sulphate ions in the localized corroded sites was observed in both the field exposure tests and the constant dew point tests indicated by the element mapping data. Due to effects of daily alternations of the wet-dry surface state and washing of raining, very few highly soluble chlorine-containing species accumulated inside the pits [5, 39] . On the other hand, ten times more sulphate ions accumulated than chloride ions [6, 40, and 41] . With increasing exposure time, such compounds as basic aluminium carbonate and basic aluminium chloride were washed away by rain while the insoluble ones, such as aluminium hydroxide and basic aluminium sulphate, remained as long-term stable corrosion products. The constant dew point test with 7 cycles is incapable of reproducing the process completely due to the limited exposure time. Consequently, strong peaks of carbonate were detected in the labexposed samples. Based on the surface morphology, corrosion mass loss and chemical compounds, we were able to reproduce the initial stage of the atmospheric corrosion of aluminium and its alloys by using the constant dew point test over the initial period.
Conclusion
In order to examine whether the constant dew point corrosion test can appropriately reproduce the atmospheric corrosion of aluminium alloys, corrosion tests were performed on AA1100, AA6061 and 4N Al under the cyclic wet-dry conditions at the constant dew point of 28 °C and with the chloride deposition of 1 g⋅m -2 , which simulated marine atmospheric environments in the summer season in Japan. It was found that the corrosion mass loss increased as the number of cycles increased in accordance with a power-law formula. The corrosion pattern after the 7-cycle test was pitting, and the corrosion products consisted of basic aluminium sulphate, basic aluminium chloride, aluminium hydroxide, and basic aluminium carbonate. The corrosion rates, corrosion morphology and corrosion product composition were similar to those observed on the samples exposed for a few months in Miyakojima, a typical coastal site. The constant dew point corrosion test, therefore was shown capable not only of reproducing the atmospheric corrosion of aluminium, but also of accelerating it. 
